High rates of body weight gain during the juvenile period appear to program molecular events within the hypothalamus, leading to advancement of puberty. Methylation of DNA, an epigenetic mechanism that controls gene expression, is associated with metabolic programming events and is proposed to play a role in the pubertal process. In this study, DNA methylation was assessed in genomic DNA obtained from the arcuate nucleus (ARC) of juvenile heifers fed to gain body weight at low (0.5 kg/d; low-gain, LG, n = 4) or high (1 kg/d; high-gain, HG, n = 4) rates from 4.5 to 8.5 mo of age (earliest puberty expected at 9 mo of age in HG heifers). Using a customdesigned oligonucleotide array targeted to imprinted genes and genes associated with nutritional inputs and the control of puberty, a comparative-genomic-hybridization array was used to identify differentially methylated regions between LG and HG heifers. Differential methylation of genomic regions associated with altered mRNA expression was observed for genes whose activity has been reported to be involved in the modulation of growth and metabolism (GHR) and puberty (HMGA2). Hence, increased rates of body weight gain during the juvenile period alter the methylation pattern of genomic DNA obtained from the ARC and these changes may be involved in programming the age at puberty in heifers.
Introduction
Nutrition plays a major role in timing the onset of puberty in humans, laboratory animals, and livestock [1] [2] [3] . Studies in cattle indicate that timing of reproductive maturation in heifers can be programmed by nutritional regimens applied during the juvenile period [4] [5] [6] [7] [8] [9] . The acceleration of puberty induced by elevated body weight gain involves nutritional inputs received during a critical window around 4-8 mo of age [7, 8] and earlier activation of the hypothalamicpituitary axis [4, 10] . It is proposed that the programming events that promote accelerated puberty encompass molecular changes in upstream circuitries within the hypothalamus that facilitate the advanced occurrence of high-frequency release of GnRH. However, the cellular mechanisms and pathways involved in this process remain unclear.
The hypothalamic arcuate nucleus (ARC) integrates nutritional inputs through intermediate neuronal and glial circuits that regulate GnRH release [11] [12] [13] [14] , and differential gene transcription within the ARC appears to be involved with nutritional programming leading to accelerated puberty in heifers. This is supported by our previous studies reporting altered mRNA abundance of key genes associated with the control of GnRH release, neuronal plasticity, and signaling pathways in the ARC, and accompanying increases in adiposity and secretion of leptin [10, [15] [16] [17] . Recent investigations have proposed that the mechanisms involved in the nutritional regulation of gene expression in the ARC include modifications in the epigenome [13, 18, 19] . These epigenetic alterations may play a role in timing puberty in females [20] . The addition of methyl groups in cytosineguanine dinucleotides (CpGs) is one of the epigenetic modifications that promotes the fine-tuning of gene expression and may persistently affect the transcriptional profile of genes [21] . Therefore, in the current study, we hypothesized that a comparatively high rate of body weight gain during the juvenile period in heifers alters the pattern of methylation of genes in the ARC that have been shown to facilitate earlier pubertal maturation.
Materials and methods
All animal-related procedures used in this study were approved by the Institutional Agricultural Animal Care and Use Committee of the Texas A&M University System.
Animals, animal procedures, and nutritional regimens
In this study, we used an experimental model previously shown to elevate circulating levels of leptin [10, 15, 16] to alter the hypothalamic molecular profile (mRNA and peptide contents) involved in the control of GnRH tonic release [10, [15] [16] [17] and to advance puberty in the female bovine [8] . In this model, crossbred heifers gaining body weight (BW) at a relatively low rate (0.5 kg/d; low-gain, LG) from approximately 3.5 to 8.5 mo of age are contrasted to counterparts gaining at a relatively high rate (1 kg/d; high-gain, HG). In our previous studies using identical [10] or similar [8] nutritional models, and in which heifers were not euthanized for tissue collection, LG heifers attained puberty between 15 and 16 mo of age, whereas HG heifers attained puberty beginning as early as 9 mo of age and the majority were pubertal by 12 mo of age [8, 10] . It should also be noted that data related to the neuropeptide Y (NPY) and POMC neuronal populations of heifers in this study (but unrelated to DNA methylation) have been reported previously [16, 17] . For this study, 8 crossbred (three-fourth Bos taurus and one-fourth Bos indicus) heifers, weaned at 92-111 d of age and killed at approximately 8.5 mo of age before reaching puberty, were used. A detailed description of origin, feeding regimens, assessment of prepubertal status, and circulating concentrations of leptin was provided therein [16] . Briefly, after weaning, heifers were adapted to the feeding schedule for 1 mo, and fed individually to gain approximately 0.5 (LG, n = 4) or 1 kg/d (HG, n = 4) for approximately 4 mo. The same diet mixtures were provided to both groups, with target BW gain achieved by adjusting the amount of feed offered every 2 wk. In general, heifers receiving the LG gain received approximately 50% of the dry matter (DM) fed to the HG heifers in order to achieve desired weight gains. The diet offered from week 0 to 8 contained 15% crude protein (CP) and 2.5 Mcal/kg on a DM basis, and the diet offered from week 9 and thereafter contained 14.8% CP and 2.6 Mcal/kg. This nutritional regimen resulted in heifers in the HG group exhibiting greater body weight and circulating concentrations of leptin at 8.5 mo of age, at which time all remained nonpubertal [16] . Heifers were slaughtered before reaching puberty, following humane procedures for collection of hypothalamic tissue. The brain of each heifer was dissected and a block of tissue containing the septum, preoptic area, and hypothalamus was collected and snap frozen in liquid nitrogen vapor. Frozen tissue blocks were cut in coronal sections of 20 μm using a cryostat, mounted on SuperFrost Plus slides (Fisher Scientific, Houston, TX) and stored at -80
• C until used for this study.
Genomic DNA isolation and methylated DNA enrichment assay
Genomic DNA was isolated from tissue obtained from bilateral scrapes of an area of approximately 1 mm in diameter and delimited within the middle ARC. Scrapes were performed in 12 sections pertaining to one series of tissue (slices 200 μm apart) for each heifer and followed procedures similar to those described earlier [15] . The subdivisions of the ARC were determined according to anatomical references [15, 22] . Tissue scrapes from each heifer were pooled in a tube containing 500-μL NTES buffer (50 mM NaCl, 500 mM Tris, 12.5 mM EDTA, 0.5% SDS) added to 40 μg of proteinase K and incubated overnight at 55 o C. Genomic DNA was obtained by phenol-chloroform extraction followed by ethanol precipitation. The quantity and purity of DNA obtained was determined by spectrophotometry (NanoDrop, Thermo Scientific NanoDrop Technologies, Wilmington, DE). The DNA was stored at -20 • C until further processing.
A methyl-CpG-binding domain-based (MBD) protein assay was performed to capture fragments of methylated DNA (methylatedenriched DNA) using the MethylMiner kit (Invitrogen, Carlsbad, CA) following the manufacturer's instructions. In this assay, fragments of DNA containing methylated cytosine residues were captured by methyl-CpG-binding proteins (MBD2) attached to magnetic beads. The methylated-enriched DNA was eluted from the MBDs with a 2 M NaCl solution and purified by ethanol precipitation.
Optimization and validation of the methylated DNA enrichment assay and whole-genome amplification of bovine hypothalamic DNA To develop, optimize, and validate the use of the methylated DNA enrichment assay for the bovine hypothalamic DNA, a series of experiments was performed using genomic DNA isolated from bovine hypothalamus (as described in the previous section) and white blood cells (obtained as described earlier [23] ). Genomic DNA was fragmented by enzymatic digestion using Alu1 endonuclease (New England BioLabs Inc., Beverly, MA) at 37 o C overnight followed by deactivation at 65
• C for 20 min. The methylated DNA enrichment assay reaction was performed using 500 ng of fragmented DNA. Due to limitations in DNA quantity, a procedure to amplify the DNA recovered from the methylated DNA enrichment assay was used. Ten microgram of input and methylated-enriched DNA were amplified by two rounds of whole-genome amplification (WGA) using the GenomePlex amplification method (Sigma-Aldrich, St. Louis, MO) following procedures reported previously [24] . The amplified DNA was purified using the PureLink PCR Purification Kit (Invitrogen). The efficiency of the methylated DNA enrichment assay and WGA procedures was determined by amplification of the highly methylated gene POU5F1 gene (previously known as OCT4) and nonmethylated gene GAPDH [13] by PCR performed using the input (total DNA after fragmentation), unbound, and methylated-enriched fractions. Primers used for end-point PCR amplification were designed using the Primer3 software (http://www.primer3.com) and are listed in Amplicons of the PCR reaction for GAPDH were readily detected in reactions using input and unbound DNA, but not in the methylated-enriched DNA ( Figure 1A ). In contrast, amplification of POU5F1 was detected in the input and enriched DNA, but not in the unbound DNA ( Figure 1B) . These results indicate the effectiveness of MBD proteins used in the methylated DNA enrichment assay to capture methylated sequences of POU5F1 from the input sample. However, unmethylated sequences, such as those associated with GAPDH, are not captured and are undetectable in the methylatedenriched sample. Therefore, the methylated DNA enrichment assay method was accepted to perform enrichment of methylated DNA isolated from scrapes of hypothalamic tissue. The efficiency of the WGA procedures was investigated by detection of the highly methylated POU5F1. A sequence corresponding to a region expected to be methylated in POU5F1 was readily detected in round 1 ( Figure 1C ) and round 2 ( Figure 1D ) WGA reactions using methylated-enriched DNA.
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Genomic DNA extracted from the ARC was isolated and fragmented by enzymatic digestion using Alu1 endonuclease and methylated-enriched DNA was obtained as described in the previous section. The DNA concentrations of the input and methylated-enriched fractions were accessed using a Qubit fluorometer and the Quant-iT dsDNA BR procedure (Invitrogen). Input and methylated-enriched DNA were amplified using the GenomePlex amplification kits (WGA2 and WGA3; Sigma-Aldrich). Amplified DNA was then purified using PureLink PCR Purification Kit (Invitrogen) as described earlier in the optimization and validation of procedures section. Equal amounts of input and methylated-enriched DNA within individual hypothalamic genomic DNA samples were used for WGA for consistent comparison between input and methylatedenriched fractions. The total amount of DNA used from samples obtained from LG and HG heifers ranged from 6 to 15 μg, depending on the output of the second round of the WGA procedure. Amplification of POU5F1 by PCR in methylated-enriched fractions was used to confirm successful WGA in DNA obtained from hypothalamic samples.
Oligonucleotide array
A 60,000-oligonucleotide array (8 × 60 K format) was generated using the Agilent E-array software database (Agilent Technologies, Santa Clara, CA). The Baylor 4.0/bosTau4 bovine genome assembly was used to generate the array. A total of 10,249 oligonucleotides (probes) with average size of 52 nucleotides were designed to cover targeted genomic sequences associated with 97 genes (and associated 2K base pair sequence upstream and downstream regions) and two wider genomic intervals which correspond to DLIK1-DIO3 [23, 25] and IGF2-H19 [23, 26] imprinted clusters. Genes observed to be responsive to nutritional inputs in heifers [15] and predicted to be involved in the control of pubertal development in mammals [27] [28] [29] [30] [31] were included in the array. The list of genes and target genomic intervals selected for probe design is presented in Table 2 . The array design/annotation has been deposited with the Gene Expression Omnibus (GEO) data repository, from the National Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov/geo/), platform number GSE77782.
DNA labeling and hybridization
Input and methylated-enriched DNA (3 μg each) were labeled with Alexa Fluor 555 and Alexa Fluor 647, respectively, using the BioPrime Plus Array CGH Genomic Labeling Module (Invitrogen) and following the manufacturer's instructions. Concentrations of DNA and fluorophore intensities were determined using a NanoDrop (Thermo Scientific NanoDrop Technologies). Input and methylatedenriched-labeled DNA were cohybridized to the array (2 μg each), using the Oligo aCGH/ChIP-on-chip Hybridization Kit (Agilent Technologies) at 65
• C for 23 h following procedures described previously [24] . The array was scanned using the G2505C Microarray Scanner (Agilent Technologies). Signal intensities were quantified using the Agilent Feature Extraction Software (version 10.7, Agilent Technologies). A resolution of 5 μm and extended dynamic range of 0.05 were applied to obtain the signal intensities.
Methylation data analyses
The Chip Interactive Analysis application of the Agilent Genomic Workbench software (version 7.0, Agilent Technologies) was used to analyze signal intensity data obtained from the array. Signal intensities were normalized according the Agilent Feature Extraction output, which applies the LOWESS (locally weighted polynomial regression) method. This approach normalizes the channel within each array using a nonlinear polynomial fit to the data and corrects for dye-related artifacts [32] . The ratio of the log 2 (enriched/input) of the normalized intensities was determined. The P-value of the difference in signal intensities between enriched and input fractions was calculated based on the Agilent universal error model [33] . Differences in intensities between enriched and input fractions were used to assign a methylation status to target-DNA sequences. Occurrence of methylation in a given sequence was considered when the signal intensity of the enriched fraction was higher than the input fraction, and this was determined when the log 2 ratio (enriched/input) of normalized intensities was greater than 0.3 and the P-value of the difference was less than 0.05. If these criteria were not met, the methylation status of target-DNA sequences was determined to be equal between input and methylated-enriched fractions and the log 2 ratio of the normalized intensity was set to zero for further analysis. This process was repeated for each probe in all eight arrays (one array per heifer used in the experiment). In order to determine differences in the methylation profiles between dietary groups (LG and HG), data were analyzed taking into account the log 2 ratio values of immediate adjacent sequences. For those, the log 2 ratio values of three neighboring sequences were averaged for each experimental unit (heifer) independently, and the average log 2 ratios calculated for each interval were compared between dietary groups using the Mann-Whitney-Wilcoxon test.
Quantitative reverse transcription PCR
To determine whether differential DNA methylation was associated with altered gene expression, three genes (GHR, HMGA2, and IGF2) contained within differentially methylated regions were selected for quantitative real-time reverse transcription PCR (RT-PCR), using GAPDH as a reference control gene. Those three target genes were selected based on previously published evidence linking them to pathways regulating pubertal maturation in cattle [29, [34] [35] [36] or other female mammals [37] . Primers (Table 3) were designed using Primer3 software or selected based on previous studies [15, 38] and their specificities were investigated using UCSC Insilico PCR program (UCSC Genome Browser). Amplification efficiency was >89% for all primer pairs. Using the same group of heifers, tissue was scraped from another series of sections containing the middle ARC (as described above for genomic DNA isolation), placed in a tube containing a RNA stabilization reagent (RNAlater, Qiagen, Valencia, CA), and frozen at -20 o C until further processing.
Total RNA was isolated from the tissue solution using the RNeasy Lipid Tissue Mini Kit (Qiagen) and reverse transcribed to cDNA using the SuperScript First-Strand Synthesis System for RT-PCR (Invitrogen). Reactions contained 1-4 μL cDNA (2 ng/μL), 5 μL SYBR Green PCR Master Mix (Applied Biosystems, Foster City, CA), 0.5 μL of each forward and reverse primers (10 mM solution), and 0-3 μL UltralPure distilled water (Invitrogen) and were carried out in 384-well plates using the ABI Prism 7900HT sequence detection system (Applied Biosystems). Cycling conditions were 50
• C for 2 
min, 95
• C for 10 min, 40 cycles of 95
• C for 15 s, and 60
• C for 1 min. A dissociation curve was generated in a final cycle with a slow increase in temperature to 95
• C, and it confirmed the absence of nonspecific amplification. Negative control reactions were performed by excluding the cDNA template to confirm the absence of primer-dimer amplification and by exclusion of reverse transcriptase to confirm the absence of genomic DNA carryover in RNA preparations. Quantitative reverse transcription PCR data were analyzed similarly to a previous study [15] by normalizing threshold cycle (Ct) for each to the Ct value of the control gene and transforming to the average expression of LG samples. Mean fold change in the HG group was compared to the LG group.
Results
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Methylation enrichment was detected in a number of the target-DNA sequences investigated, and included sequences known to be methylated in the bovine genome. Methylation of the DLK1-DIO3 cluster was detected in seven out of the eight heifers studied (Figure 2 ) in a region located upstream to MEG3, a gene previously observed to be imprinted in cattle [23] . A trend (P < 0.08) for methylation was also observed in all heifers within the IGF2-H19 cluster, a region upstream from H19 (Figure 2) . The IGF2-H19 cluster is known to be imprinted in the bovine genome by methylation of various CpG islands [23] . Therefore, the observation that these regions are methylated in heifers of both groups indicates successful recovery of methylated DNA fragments isolated from the ARC.
The analysis of differential methylation between LG and HG heifers resulted in detection of 13 differentially methylated regions, 8 hypermethylated, and 5 hypomethylated in HG heifers. The regions related to each reference gene are presented in Table 4 , and the log 2 ratios assigned to a specific region of a given gene are represented by box-plots in Figures 3 and 4 . All normalized and raw data obtained from the oligoarray have been deposited with GEO under the accession number GSE77782.
Expression of differentially methylated genes
The quantitative RT-PCR data indicated that the hypermethylated genes GHR and HMGA2 were downregulated (P ≤ 0.05) in HG compared to LG heifers ( Figure 5 ). However, no difference (P = 0.16) was detected in the relative mRNA abundance of IGF2 between groups.
Discussion
In this study, we used a customized oligonucleotide array to investigate differential methylation in genomic DNA regions containing candidate genes that are likely involved in the nutritional programming of puberty. Using an animal model in which puberty is advanced by feeding heifers to gain body weight at a relatively high rate during the juvenile period [8, 10] , we observed a distinct pattern of methylation of genomic DNA obtained from the ARC. Because the ARC is a major metabolic-sensing area in the brain [39] , and because epigenetic modifications are tissue specific [24] , genomic DNA isolated specifically from this hypothalamic nucleus was used in the current study. Using the methylated DNA enrichment assay, we identified a number of differentially methylated genes putatively involved in the physiological and cellular control of metabolic and reproductive functions.
The methylated DNA enrichment assay method has been successfully employed in various experimental models to analyze methylation profiles of genomic DNA. This assay efficiently retrieves methylated-enriched fractions of DNA and produces results comparable to those obtained by bisulfite sequencing [24, 40, 41] . One advantage of the methylated DNA enrichment assay is the possibility of investigating methylation status in a large number of sequences if coupled with oligonucleotide array analysis. Therefore, it allows interrogation of intra-and intergenic regions, including promoters and associated CpG islands. In this study, differential methylation was observed more frequently in intragenic regions. The differential pattern of methylation within genes may represent an additional level of control of gene expression. For example, while methylation in the promoter is often associated with repression of gene expression [42] , methylation in regions downstream to gene sequences has been proposed to regulate polyadenylation of mRNA, suppress transcription of antisense RNA, and regulate premature transcriptional termination [42] . In addition, methylated intragenic regions may regulate insulator activity [43] , microRNA expression [44] , and other complex pathways for regulation of gene transcription [45] . The regions observed to be differentially methylated are putative targets for many transcription factors (listed in Supplementary Table S1 ). The interference of transcription factor binding by methyl groups added to the DNA, especially within the region neighboring a gene promoter (as is the case for the methylation of IGF2BP1), but not excluding the intragenic regions that may be targets for additional control, may lead to differential transcription of nearby genes. Therefore, the use of the methylated DNA enrichment assay method, coupled with array analyses, has added support for the idea that epigenetic Relative expression of genes in the ARC that were contained in genomic regions observed to be differently methylated in HG heifers. * P = 0.05; * * P = 0.02.
modifications represent a very complex mechanism for the control of gene expression and that the alterations in DNA methylation patterns occur in several regions within the genome. The functional relevance of altered DNA methylation relies mostly on its regulation of gene expression which, in turn, may promote altered cellular functions. By using a similar nutritional model as the one used in this study, we previously performed a microarray assay to investigate the differential expression of several genes in the ARC of juvenile heifers that gained body weight at relatively high or low rates [15] . Genes differentially expressed in that study and shown to be related to a number of functionally important processes related to metabolism and growth were utilized to compose the oligoarray employed in this study. We found that the genes HDAC9, GHR, and CRYM, observed previously to be downregulated [15] , were hypermethylated in HG heifers of this study while the genes DYSF and GAS2L1, observed previously to be upregulated, were hypomethylated. However, in contrast, the gene CDK5RAP2, observed in our earlier work to be upregulated, was hypermethylated in HG heifers in this study. We do not know whether methylation in the regions presented in this study results in alterations in gene expression. However, using other genes as examples, we do know that methylation occurring in promoter or intragenic regions can cause either stimulation or repression of gene expression [40, [44] [45] [46] [47] [48] .
Despite our current and past [15] observations that elevated rates of BW gain during the juvenile period alter the methylation pattern and mRNA abundance of HDAC9, CDK5RAP2, DYSF, GAS2L1, and CRYM, the relationship of these genes with pubertal development has not been determined. The gene HDAC9 encodes histone deacetylase 9, an enzyme that catalyzes removal of acetyl moieties from histones, and therefore participates in the epigenetic control of gene expression. Interestingly, HDAC9 has been related to GnRH neuronal cell survival and neuron movement [49] , but there are no data to support its direct role in controlling GnRH secretion. Also uncertain are the links between CDK5RAP2 (encodes a centrosomal protein that localizes to the spindle poles during mitosis), DYSF (encodes dysferlin, a sarcolemma-associated protein that participates in calcium-mediated membrane fusion events), GAS2L1 (has been linked to regulation of apoptosis and cellular cytoskeleton reorganization), and CRYM (encodes crystallin μ, a regulator of thyroid hormone action) with neuroendocrine events leading to puberty. A possible role would be the control of neuronal remodeling, a process that seems relevant to the nutritionally induced advancement of puberty [16, 17] .
In contrast, the genes GHR and IGF2 are key members of pathways linked to GnRH secretion via activation of the type 1 insulinlike growth factor (IGF) receptor (IGF1R) on GnRH neurons [37] , and HMGA2 has been proposed as one of the central transcription factors related to age at puberty in cattle [29] . Because IGF2BP1 encodes a protein that binds to IGF2 mRNA and prevents its transcription, this gene may also play a role in controlling GnRH release by affecting the IGF2-activated IGF1R pathway on GnRH neurons. However, optimized PCR conditions permitting assessment IGF2BP1 expression in the ARC of prepubertal heifers have not been achieved to date in our laboratory. Hence, the genes GHR, IGF2, and HMGA2 were selected for further quantitative PCR analysis. We tested the hypothesis that mRNA abundance of GHR, HMGA2, and IGF2 is altered in the ARC as a result of a relatively high rate of body weight gain and observed that the intronic hypermethylation of GHR and HMGA2 was associated with their downregulation. Because evidence suggests that intronic methylation promotes direct regulation of the expression of some genes [45] [46] [47] [48] , our observation of an association of methylation with gene expression profiles provided additional support that the epigenetic effects observed in response to different dietary regimens are associated with functional changes in expression of genes critical for programming the timing of puberty.
The growth hormone (GH) pathway has been shown previously to be involved in controlling of age at puberty in heifers, as immunization against growth hormone-releasing hormone (GHRH) resulted in decreased circulating concentrations of GH and delayed puberty [34, 35] . The growth-promoting effect of GH is mediated largely by GHR activation of IGF1, which is synthesized in several tissues [50] and is considered an important mediator of the nutritional control of puberty [51, 52] . Through activation of IGF1R, IGF1 has a direct stimulatory effect on GnRH neurons [37] . In this study, reduced expression of GHR, associated with its increased methylation, was observed in the ARC of prepubertal heifers exposed to a nutritional regimen previously demonstrated to advance the timing of puberty [8, 10] . In the ARC, the majority of neurons that express GHR are NPY neurons [53, 54] . NPY neurons serve as intermediaries in the negative feedback loop for the control of GH release: GH increases NPY expression and NPY neuronal activity, NPY inhibits GHRH synthesis, culminating in reduced GH secretion [53] [54] [55] [56] . NPY is also involved with the regulation of reproductive function. Female rats chronically treated with NPY exhibit delayed puberty [57] . In the female bovine, secretion of GnRH is inhibited by NPY [58] , and NPY appears to play a prominent role in the nutritional acceleration of puberty [15, 16] . In prepubertal heifers, increased serum concentrations of GH and amplitude of GH pulses, as well as increased circulating IGF1, are observed as puberty approaches [59] . Moreover, HG nutritional regimens applied during the juvenile period elicit increased concentrations of circulating IGF1 [15] , but decreased NPY expression [15, 16] and secretion [10] . Reduced GH responsiveness in the ARC, a consequence of GHR downregulation, would interrupt the negative feedback loop for the control of GH secretion, promoting GH upregulation and NPY downregulation. Both of these events are related to increased secretion of GnRH and puberty. Whether increased methylation in intron 2 of GHR causes its own downregulation remains to be determined. However, epigenetic events have been proposed as important mechanisms for site-specific control of gene expression [60] . Hence, our findings showing increased methylation in GHR, concurrently with its decreased expression in the ARC, in individuals fed puberty-accelerating diets indicate that reduced responsiveness to GH through epigenetic alteration of GHR may be involved in this process.
The gene HMGA2 encodes high-mobility group protein HMGI-C, a chromatin-associated protein that modulates gene transcription by altering chromatin structure [61] . Alterations in HMGA2 expression are associated with body size and fat accumulation [62, 63] , tumorigenesis (including GH secreting pituitary adenomas), and other key biological functions [64] . In mice, HMGA2 expression in the nervous system occurs primarily in stem cells and is greater during embryonic development [65] . Previous studies using complementary approaches (genome-wide association studies and RNA-Seq) in cattle have identified HMGA2 as one of the key transcription factors of a regulatory gene network underlying puberty [29] , as well as the transcription factor showing maximum differential expression in ovaries of postpubertal compared to prepubertal heifers [36] . However, hypothalamic expression of HMGA2 could not be confirmed [29] . In this study, we were able to verify that HMGA2 is expressed in the ARC, that its expression is reduced as a result of a high rate of BW gain during the juvenile period, and that the reduced expression of this gene is associated with its increased DNA methylation. Decreased HMGA2 mRNA in HG heifers is compatible with an advanced stage of development, given that in the nervous system, HMGA2 expression shows a progressive decline with age [65] . However, the relationship of this event with pubertal achievement is still unknown. HMGA2 is transcribed in the wild-type or truncated forms, and the breakpoint for the truncated form is in the third intron [66] where differences in methylation were found in this study. Because the primer pair used to assess HMGA2 expression in this study spanned introns 1 and 2, the mRNA abundance that we assessed relates to both forms. Hence, it still needs to be verified if an altered balance of HMGA2 forms occurred, and furthermore, if this event results from DNA methylation. Mesenchymal cells overexpressing the truncated, but not the wild type, form of HMGA2 were observed to overexpress KISS1. This is in contrast to control cells [67] . KISS1 encodes the potent GnRH stimulating neuropeptide, kisspeptin [68] . Therefore, it is possible that kisspeptin may mediate the effects of HMGA2 in puberty. Although the results of this study suggest a putative role of HMGA2 in nutritionally accelerated puberty, more information is needed to clarify the mechanisms that connect HMGA2 with GnRH secretion, and furthermore, if epigenetic modification in HMGA2 is part of this mechanism.
The gene IGF2 encodes IGF2, an important mitogenic factor for prenatal development [69] . In mice, the adult expression of IGF2 is repressed in all tissues except the brain [70] and postnatal expression of IGF2 has been confirmed in the brain of cattle [71] as well as in other mammalian species [72, 73] . In mice, IGF2 expression in the brain has been proposed to affect metabolism and adiposity [74] . Because IGF2 binds with high affinity to IGF1R [75] , which as discussed earlier has a role in controlling GnRH release [37] , it may also be involved with the neuroendocrine control of the pubertal process. In this work, methylation in regions upstream from IGF2 led to the hypothesis that IGF2 mRNA abundance would be altered in the ARC of high-compared to low-gain heifers. However, PCR results failed to demonstrate changes in expression in IGF2 in the ARC. Therefore, it currently remains uncertain as to whether IGF2 is part of the molecular pathway involved in the nutritional programming of puberty in heifers.
In summary, the results of this study support the hypothesis that rate of body weight gain during the juvenile period alters the methylation pattern of genomic DNA in the ARC and genes with altered methylation exhibit differential expression. Therefore, DNA methylation is an additional mechanism by which the expression of genes within the ARC may be regulated for the fine control of growth and development during the maturation process. Pathways involving GH signaling in the ARC, as well as the transcription factor HMGA2 appear to be important targets for at least part of these epigenetic modifications.
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Supplementary Table 1 : Transcription factors predicted to bind to genomic regions that were differentially methylated in high-gain heifers.
